A 59 Co nuclear magnetic resonance (NMR) measurement was performed on the single-crystalline ferromagnetic (FM) superconductor UCoGe under a pressure of 1.09 GPa, where the FM state is suppressed and superconductivity occurs in the paramagnetic (PM) state, to study the superconducting (SC) state in the PM state. 59 Co-NMR spectra became broader but hardly shifted across the SC transition temperature. The Knight-shift change determined from fitting the spectral peak with a Gaussian was much smaller than the spin part of the Knight shift; this is in good agreement with the spin-triplet pairing suggested from the large upper critical field. The spectrum broadening in the SC state cannot be attributed to the SC diamagnetic effect, but is related to the properties of spin-triplet superconductivity. The origins of the broadening are discussed herein.
I. INTRODUCTION
Unconventional superconductivity mediated by a mechanism other than ordinary electron-phonon coupling is one of the most interesting phenomena in condensed-matter physics, and the symmetry of the pairing often differs from the s wave. Among the various unconventional superconductors reported so far, spin-triplet (odd-parity) superconductors are quite rare systems. Cooper pairs have spin degrees of freedom in the superconducting (SC) state in this case, leading to various exotic phenomena. The spin-triplet pairing was first identified in superfluid 3 He 1 , and odd-parity pairing is most likely realized in a heavy-fermion superconductor UPt 3 2 . The possibility of spin-triplet pairing was also noted in Sr 2 RuO 4 3-6 , and this system has been intensively studied thus far to identify its pairing symmetry.
The family of ferromagnetic (FM) superconductors is another class of unconventional superconductors [7] [8] [9] [10] [11] . The oddparity pairing is expected in this family because of the coexistence of ferromagnetism and superconductivity. The pairing mechanism of these systems is closely related to the FM instability, and this pairing glue can be tuned by the external magnetic field, resulting in the unusual field dependence of the SC transition temperature T SC . For UCoGe, it was reported from a field-angle-controlled nuclear magnetic resonance (NMR) experiment that the Ising-type FM fluctuations along the c axis are essential for the pairing 12 . The changes in pairing strength with the fields were quantitatively analyzed by measuring the upper critical field H c2 , and this result supports the scenario of FM fluctuation-mediated superconductivity 13 . FM fluctuations also play an important role in superconductivity in URhGe; however, transverse fluctuations as well as those parallel to the c axis were also found to contribute to the pairing 14 . This is confirmed by the enhancement of the superconductivity by a uniaxial stress 15 . Therefore, these systems are suitable for studying the SC mechanism in detail.
UCoGe is a unique system because its SC phase remains beyond the suppression of the FM phase by pressure [16] [17] [18] , and its superconductivity is expected to possess a spin-triplet symmetry on both the FM and paramagnetic (PM) sides. Actually, H c2 is far above the Pauli-limiting field estimated from T SC at ambient pressure 19 and under pressure above P c 17,18 when the field is perpendicular to the c axis. These results are consistent with the spin-triplet pairing. The absence of the Knightshift decrease in the FM SC state also supports the spin-triplet scenario 10 . However, it is not trivial to achieve such a large H c2 in the a and b axes because the magnetic easy axis is the c axis and the spins of the Cooper pair cannot rotate freely in the presence of strong spin-orbit coupling. The absence of the Pauli-PM effect in the FM SC state is explained by the presence of the large exchange field 20 ; however, this mechanism does not work on the PM side. The rotation of the d vector perpendicular to the field is therefore predicted under pressure with fields 21 , where the d vector has been conventionally used to represent the spin state in the spin-triplet pairing and is perpendicular to the spins of the Cooper pairs. Such a rotation of the d vector leads to an unchanged spin susceptibility in the SC state, resulting in the absence of the Pauli-PM effect. Because only a few experimental results on SC symmetry have been reported so far in the PM SC state under pressure, the properties of this state remain unclear.
To obtain microscopic information about the superconductivity of UCoGe on the PM side, we performed 59 Co NMR Knight-shift measurements under pressure. The result is in good agreement with the spin-triplet pairing suggested from the large H c2 when the field is applied to the ab plane. In this case, the NMR spectrum anomalously broadened, which cannot be understood by the SC diamagnetic effect but is related to the properties of spin-triplet superconductivity.
II. EXPERIMENT
A single-crystalline sample was used for 59 Co NMR measurements, and its FM and SC transition temperatures at ambient pressure are T Curie = 2.5 K and T SC = 0.46 K, respec- tively. This sample is the same one used in a recent nuclear quadrupole resonance (NQR) measurement under pressure 22 . Hydrostatic pressure was applied using a piston-cylinder-type cell with Daphne oil 7373 as a pressure medium, and the applied pressure was calibrated using an SC transition temperature of a Pb sample inside the cell. The thermometer was attached outside the pressure cell. Because the pressure cell and the thermometer are immersed in a 3 He- 4 He mixture of a dilution refrigerator, thermal contact between the sample and thermometer is sufficient for the present measurement. The difference in T SC of UCoGe determined by the cooling and warming processes is 0.01 K. The magnetic field was applied using a transverse SC magnet, enabling us to control the field angle precisely. Figure 1 shows the temperature dependence of the ac susceptibility δχ ac of UCoGe at some magnetic fields with the field perpendicular to the c axis determined by the change of the tuning frequency of the LC circuit. The SC transition temperature of UCoGe increases to T SC = 0.60 K at 1.09 GPa. No FM transition was detected at this pressure 22 . The field was aligned from the local minimum of the field-angle dependence of δχ ac at T = 0.11 K with 3-T field, as shown in the inset of Fig. 1 . A clear diamagnetic signal was observed in the narrow-angle region with H ⊥ c because of the large H c2 anisotropy. The field direction in the ab plane could not be determined only from δχ ac , and this was identified from the NMR spectra, as shown below.
The crystal structure of UCoGe possesses a Pnma space group (No. 62, D 16 2h ), and the Co site only has mirror symmetry with respect to the b plane 23 . The Co sites will split into two sites if the external magnetic field is not parallel to the ab or bc plane for the NMR measurements. The single site is observed with fields parallel to the ab plane, but the spectral positions differ in different field directions owing to the low symmetry of the local site. This feature enables us to deduce the full information about the applied field from the NMR spectrum.
The nuclear Hamiltonian of 59 Co (I = 7/2) in UCoGe consists of two parts. One is a Zeeman Hamiltonian of the nuclear magnetic moment, and the other is the electric quadrupole Hamiltonian arising from the coupling between the nuclear quadrupole moment and the electric field gradient (EFG). Then, the total Hamiltonian is represented as
where γ N is a gyromagnetic ratio of the nucleus, H is an external magnetic field, K is a Knight-shift tensor, ω Q is a quadrupole frequency, and η is an asymmetric parameter of the EFG. This Hamiltonian is an expression in a particular coordinate, namely, the principal axis of the EFG. The z axis is the direction where the EFG is maximum, and the y is the second maximum direction. In the case of the 59 Co site in UCoGe, the z direction is ∼ 10°tilted to the crystallographic c axis from the a axis, and the y axis is parallel to the b axis 24 . The quadrupole parameters are ν Q ≡ ω Q /(2π) = 2.85 MHz and η = 0.52 at ambient pressure 25 , and these values slightly change as pressure increases. We used the values ν Q = 2.795 MHz and η = 0.535 determined at 1.09 GPa 22 . If the Zeeman Hamiltonian is a dominant term in the above Hamiltonian, seven lines will be observed, and they arise from m ↔ m − 1 transitions (m = 7/2, 5/2, . . . , −5/2). These line positions strongly depend on the field angle with respect to the EFG coordinate as well as the anisotropy of the Knight shift, and thus, the analysis of the spectral positions enables us to deduce the field direction. The Knight shift was measured at the central line arising from the 1/2 ↔ −1/2 transition, and 59 γ N /2π = 10.03 MHz/T was used as a nuclear gyromagnetic ratio. The effect of the quadrupole shift was subtracted by using the numerical diagonalization of the nuclear Hamiltonian.
An attempt was made to attach the sample inside the pressure cell such that the crystallographic c axis is along the vertical direction; however, it was found that the c axis was tilted. Because we could rotate the field angle only horizontally, the field direction was not aligned parallel to the a or b axis. The schematic image of the field alignment for the NMR measurements is shown in Fig. 2 . This field direction perpendicular to the c axis was identified from the analyses of the fieldswept NMR spectra at 0.8 K in the normal state, as shown in Fig. 3 . Seven peaks were observed, which are due to the nuclear quadrupole splitting of 59 Co and consistent with H ⊥ c, although non-negligible broadening was visible at the satellite peaks. The vertical red line is the best fit of the calculated NMR peak positions by numerical diagonalization. The field angle tilts by φ ba = 40°from the b axis to the a axis. Further measurement of the NMR spectrum with a different field direction revealed that the c axis of the sample is tilted by 17°f rom the vertical direction. See Appendix A for the details on determining this angle. 
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IG. 3. (Color online) Field-swept 59 Co NMR spectra with the field perpendicular to the c axis at 0.8 K (normal state). The vertical red line is the best fit of the spectra with φ ba = 40°by numerical diagonalization of the nuclear Hamiltonian. The vertical black arrow indicates the "central" (1/2 ↔ −1/2) peak, at which the Knight shift was measured. This peak is not located at the center of the seven splitting lines owing to the low-symmetric field direction. Figure 4 shows the 59 Co NMR spectra with a field of 2-4 T parallel to the ab plane, sufficiently smaller than µ 0 H c2 ∼ 15 T 17, 18 . The Knight shift was analyzed by fitting the spectral peak with a Gaussian function, and the result is shown in Fig. 5 . The Knight shift is expressed as K(T ) = K spin (T )+K orb , where K spin (T ) is proportional to temperature-dependent spin susceptibility and the orbital shift K orb is usually temperature independent. The spin and orbital components of the 59 Co site in UCoGe are evaluated from the 59 Co and 73 Ge NMR at ambient pressure 26 . The spin component K spin along the b axis is not far from the estimated value from the experimental specific-heat coefficient in the normal state and hyperfine coupling constant 27 . The spin component is K spin 1.1% with this field direction at low temperatures below 1 K, as shown by the vertical arrow in Fig. 5 , and it mainly originates from the spin susceptibility along the b axis because of the in-plane magnetic anisotropy 26 . The observed change across T SC is an order of 0.1% and is much smaller than the spin part of the Knight shift. This result indicates that the spin susceptibility χ spin does not decrease in the SC state drastically, and the possibility of spin-singlet pairing is excluded, and spintriplet superconductivity is suggested in this phase. We note that the NMR spectra became appreciably broader across T SC , as shown in the inset of Fig. 5 and in Fig. 6 ; this anomaly indicates that the Knight shift is actually measured in the SC state. In ordinary superconductors, this broadening is attributed to the effect of the vortex; however, the diamagnetic shift in the vortex state of UCoGe is estimated to be ∼ 10 −4 % at 2 T if we use parameters at ambient pressure 28 , and therefore, the broadening originates from the change in the spin susceptibility.
III. RESULTS AND DISCUSSION
To reveal the origin of the anomalous broadening of the NMR spectra, the spectra were measured with a tilted field. Figure 7 shows the NMR spectra with the field tilted by δθ c ∼ 5°from the ab plane to the c axis. The projected field to the ab plane is φ ba 24°away from the b axis to the a axis. The Knight shift showed a small increase in the SC state without any significant broadening, as shown in Fig. 7 . This indicates that the broadening of the spectrum in the H ab plane arises from the following two effects. One is the Knightshift decrease from the sample region where the field is exactly aligned in plane, and the other is the Knight-shift increase arising from the tiny misalignment of the field from the c axis. This misalignment is smaller than ±5°.
It is surprising that the NMR spectra in the SC state exhibit a drastic change with tilting the field by only ∼ 5°to the c axis. This result originates from the high sensitivity of UCoGe to the c component of the field. Such an anomalous fieldangle dependence is also seen at the ambient pressure in H c2 29 and nuclear spin-lattice relaxation rate 1/T 1 12 . This feature is considered to originate from the strong Ising anisotropy along the c axis of UCoGe, and the application of the field along this direction changes the electronic state.
The origin of this field-angle distribution is most likely due to the sample distortion by the pressure. The details of this discussion and the analysis based on the two-component Gaussian with H ab are shown in Appendix B. The result of the two-component fitting at 2.06 T is shown in Fig. 5 , and the increasing and decreasing parts are reasonably extracted in the SC state. Although clear two-component spectra are not seen at higher fields, the broadening of the spectra in the SC state suggests that two-component spectra persist even at higher fields. The Knight-shift decreases in the SC state for a field of 2-4 T are of the order of 10 −1 %; this change corresponds to ∼ 10 Co NMR (P = 1.09 GPa, H ⊥ c, φ ba = 40°) 59 Co NMR spectra with field perpendicular to the c axis. The solid black lines indicate the fitted result obtained using a Gaussian and represent the fitting range. The range was shifted lower to avoid the effect of the first satellite peak at higher frequency near the central peak. The red (blue) lines represent the result of the normal (SC) state. The spectra were also fitted with two-component Gaussians at 2.06 T in the SC state, and each part is shown for 0.15 K with green lines (see the Appendix for details). the Fermi energy 30 . If the DOS has a large slope at E F , a larger energy gain is obtained in the SC state, and the spin-triplet Cooper pairs have additional spin polarization. Although the details of the DOS in the normal state are not fully understood in UCoGe, a peak structure around E F was revealed by a pho- toemission spectrum 31 , and this could lead to redistribution of the Cooper pair spins. This effect would be most prominent when the field is along the easy axis (c axis), consistent with the experimental results. Another possibility is that the metamagnetism occurs coincident with the SC transition when the field has the c-axis component. A metamagnetic behavior at low temperatures is predicted using the theory of the quantum itinerant ferromagnetism 32 . This effect would also be anisotropic and sensitive to the c-axis field. We note that an increase of the Knight shift below 1 K was also observed in the FM SC state of UCoGe in the present sample at ambient pressure 10 ; however, this anomaly started to occur at a temperature far above T SC . Such an increase in the Knight shift in the normal state was not observed in the PM state under pressure. Thus, we attribute this anomaly to the existence of the FM phase.
FIG. 4. (Color online)
The decreasing Knight shift in the SC state is interpreted as the (partial) pinning of the d vector in the case of spin-triplet pairing. This result is in contrast to the case of the FM SC state, in which no decrease of the Knight shift was detected within the experimental resolution when H a and b 10 . The almost constant spin susceptibility in the FM SC state in these directions is attributed to the presence of the exchange field, which weakens the Pauli-PM effect 20 . It should be noted that exchange field is absent in the PM SC state under pressure. This suggests that the d vector would be perpendicular to the b axis in the ab plane and presumably parallel to the a axis, at least in the high-field region because the small spin susceptibility along the a axis 26 is in the favor of d a. Thus, it is crucial to reveal whether the d vector rotates with the field parallel to the ab plane in the PM SC state. The field dependence of the broadening of the NMR spectra in the SC state implies that the decreasing component becomes weaker at higher field. This result may originate from the rotation of the d vector by the field. However, it is difficult to distinguish whether this field dependence is mainly ascribed to the gradual rotation of the d vector or the quasiparticle excitation from the present result. Because the possibility of multigap superconductivity is noted from thermal transport measurements in the FM SC state 33 , it is inappropriate to speculate on the quasiparticle excitation based on a simple SC gap model. To evaluate the quasiparticle contribution accurately, it is important to reveal the SC gap structure under the magnetic field through, for instance, specific heat measurements, and future experiments may reveal the details of the d-vector rotation.
Another interesting problem concerning the Knight-shift decrease is the decreasing amount of the Knight shift in the SC state, which is somewhat smaller than the simple estimate in the case of perfect pinning. If the d-vector rotation occurs for a field much smaller than 2 T, the Knight shift becomes (almost) constant below T SC . The existence of a residual DOS in the present sample may cause the reduction of the decreasing χ spin as observed in 1/T 1 without a field 22 . We also note that the value of K orb is assumed to be unchanged by pressure when the spin part of the Knight shift is estimated. If K orb changes under pressure, this could cause overestimation of the spin part. A more intrinsic reason for the small decrease of the Knight shift is also anticipated in heavyfermion spin-triplet superconductors: it was reported that the Knight-shift decrease is much smaller than the expected χ spin in UPt 3 even if the d vector is believed to be pinned along the field direction 34 . At present, this phenomenon remains unexplained.
IV. CONCLUSION
We demonstrated that the 59 Co NMR spectra are hardly shifted but become broader in the SC state of the singlecrystalline UCoGe under a pressure of 1.09 GPa in the PM state when the field is perpendicular to the c axis. This result indicates that the spin-triplet pairing is realized in the PM state. The small decreasing component suggests the pinning of the d vector in the ab plane. Furthermore, the magnetic field dependence implies that the pinning is not so strong that the d vector can rotate to avoid the Pauli-PM effect; this is consistent with the large H c2 perpendicular to the c axis. An increasing Knight shift was also detected, arising from the sample region with a tilted field to the c axis. These anomalies cannot be interpreted by a spin-singlet pairing at all but are indicative of spin-triplet pairing. We estimate how much the sample is tilted inside the cell. Figure 8 shows the NMR spectrum with H ⊥ a. The field was aligned by monitoring the splitting of the central line: if the field is not parallel to the bc plane, the central peak splits into two lines owing to the low-symmetry nature of the Co site. This field direction is close to the b axis but is tilted toward the c axis due to the sample misalignment. The dashed blue lines indicate the calculated result with H b and do not fit with the experimental result. The best fit was obtained when the field was tilted by δθ c ∼ 11°from the b axis to the c axis, as shown by the solid red vertical lines. Then, it was revealed that the c axis of the sample is tilted by 17°from the vertical direction from this result combined with the field angle with H ⊥ c. This information was used to rotate the field by δθ c ∼ 5°toward the c axis. There are two possible directions with δθ c ∼ 5°, and the tilted field is closer to the b axis than the original direction with H ⊥ c, as shown in Fig. 2(c) . 59 Co NMR spectra with the field perpendicular to the c axis, analyzed by two Gaussians in the SC state. The experimental data are the same as the ones shown in Fig. 4(a) . The solid black lines indicate the best fit with the Gaussian(s). The solid gray lines indicate the partial components of two-component fitting.
Appendix B: Two-component Knight shifts and their origin
The NMR spectra at 2.06 T were also analyzed based on the two-component Gaussian. The spectra and the fitting results are shown in Fig. 9 . This analysis indicates that both the increasing and decreasing parts exist in the SC state at 2.06 T. They are on the order of ∆K ∼ 0.1%, which is clear but much smaller than the spin part of the Knight shift K spin 1.1%. We could not extract two components separately at higher fields owing to the smaller splitting.
It is not trivial that the 59 Co NMR Knight shift has two components in the SC state in the single-crystalline sample. We consider that this anomaly is due to the sample distortion by the pressure based on the following experimental results.
Field-swept NMR spectra were measured at ambient pressure in the PM state at 20 K before and after applying the pressure, as shown in Fig. 10 . The field was applied perpendicular to the c axis and was tilted 51°away from the b axis to the a axis. This field direction differs from the one under the pressure measurement due to inevitable tilting of the sample inside the pressure cell (see Fig. 2 ). We found that the satellite peaks were broader after applying the pressure than before applying the pressure, while the central peaks did not broaden. Because the satellite peaks are more sensitive to the change in the EFG tensor, this broadening implies inhomogeneous EFG with respect to the field direction; more concretely, the quadrupole frequency ν Q and/or the field angle with respect to the crystal distributes even after removing the pressure. How- ever, the NQR spectrum at zero field at 4.2 K (PM state) did not broaden within the experimental error, as shown in Fig. 11 . This result means that ν Q and its distribution did not change after applying the pressure. Therefore, it is likely that the sample is distorted and the field angle distributes with respect to the crystal. We consider that this distortion was induced by applying pressure and existed at 1.09 GPa.
